The laser ablation fast pulse discharge plasma spectroscopy (LA-FPDPS) technique has demonstrated its validity to enhance the optical emission of laser-induced plasma. It has the potential to improve the performance of traditional LIBS measurement. Very recently, LA-FPDPS with a nanosecond pulse discharge circuit has been developed, which has a better capability to enhance the optical emission intensity of laser plasma compared with that using a microsecond pulse discharge circuit. In this paper, the effect of the discharge capacitance and discharge voltage on the optical emission of soil plasma generated by LA-FPDPS with a nanosecond pulse discharge circuit is evaluated in detail. In addition, the stability of the time delay between the laser firing and discharge, and between the discharge and optical emission, has been carefully investigated.
Introduction
Laser-induced breakdown spectroscopy (LIBS) is a promising laser-based technique allowing for rapid, multielemental and in situ analysis in different environments [1] [2] . However, there are some inherent disadvantages of the LIBS technique, such as the fluctuations of experimental parameters and matrix effects, that will affect the measurement uncertainty and repeatability (precision), especially for weak line intensities of minor elements in a sample, and therefore they limit the measurement accuracy and sensitivity of LIBS and prevent its further practical application. Some methods have been used to improve the analysis sensitivity and measurement accuracy in the LIBS community. Normalization is one of the widely used ways to minimize the uncertainty of a measured signal, including normalization to a reference line (international calibration) [3] [4] , normalization to the background and whole spectrum, [5] [6] [7] , or recently, using plasma temperature and electron density as a criterion to normalization [8] .
Another efficient way to improve the performance of the LIBS system is to use the secondary excitation source to enhance the optical emission of laser plasma and to improve the signal-to-noise (S/N) ratio, such as double laser pulses [9] [10] [11] , electric spark discharges [12] [13] [14] [15] [16] , radiofrequency [17] [18] , and microwave radiation [19] may be employed and combined with laser ablation. These kinds of techniques can improve the homogeneity of plasma and increase the plasma lifetime and amount or lifetime of the luminous species.
Recently [20] , a nanosecond pulse discharge enhanced laser ablation fast pulse discharge plasma spectroscopy (LA-FPDPS) technique, i.e., a combination of laser ablation with a nanosecond pulse discharge plasma source, has been presented. In this technique, a specially designed high-voltage, nanosecond pulse discharge circuit was used to reheat the laser plasma and to enhance the plasma emission. In comparison to the traditional single-pulse LIBS or even in comparison to a microsecond pulse discharge enhanced LA-FPDPS, a significant enhancement in the atomic emission signal obtained from LA of soil has been demonstrated by using the LA and nanosecond pulse discharge plasma spectroscopy technique. Remarkably, although using a much lower discharge voltage (8 kV) in the nanosecond spark, the peak intensities obtained for the trace element Pb (283.31 nm) line from soil plasma emission were greatly enhanced when compared with the microsecond spark when using a 11 kV discharge voltage. As the nanosecond discharge pulse has a much intense discharge power (typically 6.5 MW) [20] than that in the microsecond discharge pulse (typically 1.5 kW) [21] , the pump rate of the atoms and ions to the excited states in the plasma will be much higher in the nanosecond discharge configuration. As a result, stronger line intensities were then observed. In addition, both the relative standard deviations (RSDs) and S/N ratios were improved as well. Indicating the great advantage of using a nanosecond discharge circuit to increase the optical emission intensity from laser-ablated soil plasma. It is therefore of interest to know the details of the electric parameters and their effect on the characters of the plasma emission. In this article, the effect of discharge capacitance and discharge voltage on the optical emission of soil plasma generated by LA-FPDPS with a nanosecond pulse discharge circuit will be investigated. The stability of discharge, time delay between laser firing and discharge, and the optical emission will be discussed as well.
Experimental
The experimental setup of nanosecond pulse discharge enhanced LA-FPDPS is similar to that reported recently [20] . A Q-switched Nd:YAG laser delivers a 45 mJ, 10 ns pulse at 1064 nm to the sample. An AvaSpec-2048 fiber optic spectrometer was used to collect the LIBS spectrum with a range from 196 nm to 500 nm simultaneously with a resolution of 0.1 nm. It can be externally triggered to start signal integration with an integrating time of 2 ms. A low inductance capacitor was tightly connected to two electrodes. The gap between the two electrodes is typically 5-6 mm. The electrodes are cylindrical rods of 5 mm diameter with a hemisphere-shaped tip, and angled toward the sample. The lowest edge of each electrode tip is2 mm above the sample surface. The sample is mounted on an x-y translation stage driven by two step-motors with a linear speed of 0.6 mm∕s so that the sample is moved during data acquisition to ensure a fresh spot for each laser shot.
When running the experiments, the capacitor is first charged to a high voltage. Right after the laser ablation, the electrons and ions in the expanding laser plume then serve as a preionization source and grow exponentially due to an electron avalanche process. Subsequently, a nanosecond discharge takes place automatically between electrodes. The expanding laser plume is then intercepted by the nanosecond discharge spark. An intense optical emission is then observed and collected. All the spectra showed in this article are the averaged spectra of 20 samplings, and each sampling means recording the plasma emission spectrum after one laser shot combined with a discharge on a point of the moving sample surface. And such an averaged spectrum of 20 samplings is served as one measurement and will be used to evaluate the RSD of line intensity at repeated measurements. In order to avoid the interference, a pure silicon crystal is used to record the LA-FPDPS spectra of silicon in atmosphere, and then it is used to compare with those obtained LA-FPDPS spectra of the soil sample.
The standard analysis powder sample (GBW07421) from the National Institute of Metrology of China was used in this study. The powder sample was compacted into a pellet in an aluminum dish using a force of approximately 8 tons∕cm 2 . The certified concentrations of the minor elements As, Pb, and Sn in the sample are 9.4, 19, and 2.4 ppm, respectively.
Results and Discussions

A. Effect of Capacitance
There is no doubt that the capacitor is an important unit in the nanosecond discharge circuit. Three different low-inductance capacitors (4, 6, and 8.7 nF) have been used in the discharge circuit to see their effects on both the optical emission and discharge character. The waveforms of the discharge current and the voltage on the capacitor using different capacitances are shown in Fig. 1 . The voltage was measured using a fast high-voltage probe, and the discharge current was derived from the formula I C · dV c t∕dt. Using the measured sinusoidal oscillation voltage V C t on the capacitor, the damping time constant τ and the oscillation frequency ω of each discharge circuit can be deduced by fitting the experimental curve to
The inductance and equivalent resistor in the discharge circuit is then derived using the following formulas:
The results are shown in Fig. 1 . The intrinsical inductances in the nanosecond discharge circuits are small, and the value increases when using a larger capacitance.
All the discharge processes were fast with a large peak current when using the three capacitances. We note that larger capacitance will lead to a longer discharge time and the oscillating period of discharge waveform will become longer as well. This is consistent with the fact that there is a larger intrinsic inductance when using a larger capacitance. If we take a close look at these waveforms, it was found that when the discharge capacitance varied from 4 to 6 nF, there is a significant increment of the discharge peak current. But when the capacitance varied from 6 to 8.7 nF, the increment of the peak current is not obvious, but the significant change is the width of the discharge current and it becomes much broad.
Similar with previous reports, the emission spectrum of the nanosecond discharge plasma of soil was detected by the fiber optic spectrometer. Figure 2 shows the LA-FPDPS spectra of soil plasma using different discharge capacitances and the spectrum of single-pulse LIBS using the same laser energy.
These spectra show the effect of the capacitance and the discharge on the optical emission in the nanosecond LA-FPDPS spectrum of soil. For clarity, the expanded spectra range from 282 to 288 nm is shown in Fig. 3 , The signal to noise (S/N) ratios of atomic lines of Pb I 283.31 nm, Sn I 284.08 nm, and As I 286.04 nm are shown in Fig. 3 as well. In single-pulse LIBS, the peaks of minor element lines in Fig. 3 are very week or absent. An optical emission enhancement for both the signal intensity and S/N ratio is obvious when using the nanosecond discharge circuit. Along with the increment of signal intensity, the broad continuum background from bremsstrahlung radiation will also increase significantly in the nanosecond LA-FPDPS spectra due to plasma reheating. And this increment of the continuum background becomes larger when using a larger capacitance. This is not a surprise because, according to the Townsend discharge theory, neutral atoms will be further excited and ionized along with the intense discharge. As a result, more energetic electrons, higher electron temperature, spectrum line broadening, and more intense continuum background are expected in the nanosecond discharge plasma source. And in fact, a higher electron temperature, higher electron number density, and so line broadening (mainly due to the Stark effect) have been observed and reported in the nanosecond LA-FPDPS spectra of soil [20] . In the line intensity calculation, the broad continuum background was initially subtracted using a method similar to that used by Sun and Lu in Ref. [22] , while the noise level was determined using the standard deviation of 20 repeated measured values of one data point near the interested lines where there was no detectable spectral line. The noise increases when using a nanosecond discharge. With increasing capacitance, i.e., increasing discharge power, more intense line peaks were observed. Large capacitance will store more electric energy, and so a more intense discharge power and a slightly longer oscillation period were observed, consistent with the observed optical emission.
Please note, when we use a larger capacitance, both the peak line intensity and the noise level will increase. So the S/N ratio of the lines in Fig. 3 cannot significantly be improved. The continuum background will also become higher when using a larger capacitance, indicating more energetic electrons and a higher electron temperature in the nanosecond discharge enhanced plasma.
B. Effect of Discharge Voltage
The optical emissions of nanosecond discharge enhanced LA-FPDPS of soil plasma was recorded using variable discharge voltages, which shows the effect of discharge energy on the plasma emission. Figure 4 is the LA-FPDPS of soil using 6.5 and 9.5 kV discharge voltage and the expanding spectra in the wavelength range from 282 to 288 nm. Similar to that observed above, when more electric energy (i.e., a higher discharge voltage was used) was deposited to the laser plasma, a more intense plasma emission was observed, and the continuum background from bremsstrahlung radiation will increase significantly as well. However, although there is an obvious line intensity increment, the noise level will also increase at higher discharge voltage, and there is not an obvious improvement of the S/N ratio.
C. Stability of Discharge and Optical Emission
As the discharge process happens automatically after the laser firing, more attention has been paid to investigate the stability of the respective time delay between the laser firing and discharge, the stability of the discharge as well as its effect on the optical emission. Figure 5 shows the typical timing of laser firing and the discharge, measured using a fast photodiode and displayed on a digital oscillograph. Figure 6 is the variation of the time delay between the laser firing and discharge at a discharge voltage of 10 kV. A stable discharge was observed. The standard deviation of the delay time of 35 repetitive measurements is only 0.147 μs, and the RSD of delay time is ∼2.2%. The delay time between the laser firing and discharge at other discharge voltage is stable as well; the results are shown in Fig. 7 . Except for the stability of the discharge, the stability of measured optical emission was investigated as well. A stable optical emission at repeatable measurements was observed. For example, the RSD of 20 measurements of the line intensities of Pb I 283.31 nm, Sn I 284.0 nm, Mg I 285.21 nm, and As I 286.0 nm are 1.25%, 1.30%, 0.95%, and 1.24% respectively. The values are smaller than that observed in a single-pulse LIBS of soil, which has a typical value of ∼6% [12, 13] , and they are smaller than those obtained using a microsecond discharge circuit as well, which has a typical value of 2% to 3% [12, 13] .
Conclusions
In this paper, the effect of capacitance and discharge voltage on the optical emission and discharge process in nanosecond LA-FPDPS technique is studied. The damping time constant, oscillation frequency, and intrinsical inductances of discharge circuits were estimated. When using a larger capacitance, a longer discharge process and oscillating period of discharge current were observed. This longer discharge process clearly will increase the plasma lifetime and amount of species been excited to the higher electronic state, and it in consistent with the more intense optical emission using large capacitance. The S/N ratio was improved when using a larger capacitance. But the improvement was not as obvious as that of the line intensity. Because along with the peak line signal increment, both the continuum background from bremsstrahlung radiation and the noise level will also increase. The time delay between the laser firing and discharge process was measured and used to evaluate the discharge stability. A stable discharge and optical emission were observed. Better precision in terms of the RSD of optical emission and the S/N ratio, together with the great enhancement of atomic emission, generally will improve the detection limit of an element emitting the particular transition. The results of LA-FPDPS presented here probably will be helpful for the trace elemental analysis in soil and also the experimental parameters optimization in the further application of this technique. 
